The aim of this study is to investigate the effects of drilling parameters such as friction angle, friction contact area ratio (FCAR), feed rate and spindle speed on workpiece surface temperature, thrust force and torque in friction drilling of ST12 material. The tool material is tungsten carbide coated with TiN treatment. Experimental results reveal that the thrust force and torque increases gradually with increasing friction angle, feed rate and FCAR. On the other hand, the thrust force and torque decreases with increasing drilling speed. It is found that drilling speed has an important effect on the workpiece surface temperature. As the drilling speed increases, the workpiece surface temperature increases. Increasing or decreasing the friction angle and FCAR has no significant effect on the workpiece surface temperature.
INTRODUCTION
Drilling plays a very important role in machining since more than 40% of material removal processes are associated with this type of operation. Traditionally, a drilling tool is generally made of high speed steel (HSS). It generates high temperature during drilling process. Therefore, the drilling tool becomes dull and leads to a shortened service life. Moreover, the workpiece materials have been hardened during drilling process which makes the post-process troublesome. Also, the chips adhered to the exit of a drilled hole damages the surface quality and deteriorates the machining precision. Friction drilling, also known as "thermal drilling", "flow drilling", "form drilling", or "friction stir drilling", is the best solution to the aforementioned problems [1] [2] [3] .
Friction drilling utilizes the heat generated from the friction between a rotating conical tool and the workpiece. The tool is often made of tungsten carbide and rotates at high speed, which produces friction heat. The process forms a bushing in situ and is clean and chipless. This chipless machining process has the advantage of reducing the time required for drilling and incurring less tool wear, thus lengthening the service life of the drill. Also, unlike traditional drilling that uses cutting fluid to reduce the friction and heat generation, friction drilling is a dry process [4, 5] .
Research on the subject of friction drilling is rare and the following review summarizes some of these studies; Ku et al. [5] developed a new type of thermal friction drill made of sintered carbide and they investigated the effects of friction angle, friction contact area ratio, feed rate, and spindle speed on the two quality characteristics, surface roughness and bushing length. They reported the optimal machining parameters for surface roughness and bushing length. Lee et al. [6] applied friction drilling method to IN-713LC cast and examined different quality characteristics such as hole roundness, surface roughness and hardness of hole wall. France [7] [8] [9] studied the strength characteristics of friction drilled holes in metal tubes. Chow et al. [10] carried out experiments using AISI304 stainless steel as a workpiece material and showed that the drilled surroundings area obtained fine grain size and compact structure with a higher micro hardness than that of the area away from the drilled area. Miller et al. [11] applied friction drilling to machine different materials viz. low-carbon steel, aluminum and magnesium alloys and investigated the relationship between axial thrust force and torque under different spindle speeds and feed rates experimentally. Lee et al. [12] utilized friction drilling to make holes using tungsten carbide drills with and without coating in AISI 304 stainless steel. The authors showed that coated drills suffered less tool wear than uncoated drills at the same spindle speed and for the same number of holes drilled. Folea et al. [13] studied friction drilling of two types of maraging steel workpieces (flat and cylindrical). The authors showed that temperature was the most significant factor in friction drilling process. They also reported that superior quality of the drilled holes could be obtained with higher speeds both on flat and cylindrical workpieces.
However, there is no research related specifically to ST12 steel as a workpiece material for friction drilling process. ST12 steel is being widely used such as automobile manufacturing, electrical products, rolling stock, aerospace, precision instruments and is a good candidate for friction drilling. Therefore, the novel process of the thermal friction drilling needs a further and comprehensive study to understand the effects of drilling parameters on ST12 steel. The main purpose of this paper is to investigate the effects of some machining parameters of the thermal friction drilling process on ST12 steel. The machining parameters are considered as follows: friction angle (300, 450 and 600), friction contact area ratio (FCAR, 50 and 100%), feed rate (from 100 to 500 mm/min with an increment of 50 mm/min) and spindle speed (3000, 4500 and 6000 rpm). The effects of these parameters on workpiece surface temperature, thrust force and torque are examined. Experimental results show that the thrust force and torque increases gradually as friction angle, feed rate and FCAR increase. On the other hand, the thrust force and torque decreases as spindle speed increases. The results reveal that spindle speed has an important effect on the workpiece surface temperature. As the spindle speed increases, the workpiece surface temperature increases. Increasing or decreasing the friction angle and FCAR has no significant effect on surface temperature. Figure 1 shows the five stages during friction drilling. The tip of the conical tool approaches and contacts the workpiece in stage 1. In stage 2, the friction drill has nearly penetrated the specimen due to the continuation of the drilling process. The thrust force is typically at its maximum, and the back extrusion of specimen can be observed at this stage. Then, the friction drill penetrates the specimen in stage 3. This is the friction drill location where the maximum torque is observed. In stage 4, the tool moves further forward to push aside more work-material and form the bushing using the cylindrical part of the tool. Then, in stage 5, the friction drill is quickly withdrawn from the hole [14] .
EXPERIMENTAL

Machine and Workpiece
A three-axis computer numerical controlled vertical machining center, CNC Machining Center MCV 300 First, with a maximum spindle speed of 8000 rpm and spindle motor of 11 kW, is used for the friction drilling experiment. The overview of the friction drill test setup is shown in Fig. 2 .
The work piece is disc-shaped ST12 steel with 36 mm diameter and 2 mm thickness. The chemical composition of ST12 material is shown in Table 1 . Table 2 . Dimensions of the friction drilling tools used in this study. Figure 3 shows a typical friction drilling tool. As visualized, the tool consists of three regions [15] . The first one is the center region. It has an angle α and height h c . This region provides the support in the radial direction for the friction drilling process and keeps the drill from walking at the start of the drilling process. The tools used in this study has α = 900 and h c = 1 mm. The second one is the conical region. It has a sharper angle than the center region. The tool in this region rubs against the workpiece to generate the friction force and heat, and pushes the work-material sideward to shape the bushing. The friction angle and length of the cone-shape conical region are marked as β and h n , respectively. Three different friction angles 30 • , 45 • and 60 • are considered. Lastly, the cylindrical region is the third region. It helps to form the hole and shape of the bushing. The length and diameter of this region are designated as h l and d, respectively. The tools are d = 6.7 mm and h l = 19 mm. Table 2 shows the keys dimensions of the tools. The tools are made by tungsten carbide of cylindrical bars with super fine grain size.
Tools
As recommended by Adachi et al. [16] , the tool material is coated with TiN treatment in order to prolong tool life and reach higher drilling speeds. The tools are ground into conical shape using a diamond grinder shown in Fig. 4a . It shows that the friction contact area ratio (FCAR) is 100%. In order to compare their performance, the tools are ground into a four-leaf: four friction contact areas. In this case, the FCAR is 50% and is shown in Fig. 4b . Table 3 lists the machining condition of friction drilling used in this study. During the drilling process, specimens are fixed tightly on drilling dynamometer with a load cell sensor and set on the pallet of the vertical machining center. In order to ensure that the specimens remain undamaged during the drilling process, an appropriate space is machined on the dynamometer and the specimens are placed to this space by connecting lugs and bolts. The sampling rate of the data logger is 2000 Hz. After the acquisition is complete, the data is transferred to a PC with a datalogger. An infrared thermometer (Raytek 3i Series) is used to measure workpiece surface temperature. The range of the thermometer is 150 to 1800 • C with a maximum error of 1.0 • C. In order to get an accurate temperature reading, a channel is machined in the head of dynamometer. The temperature is measured from the location where the bushing of the hole is formed (Fig. 5) .
Experimental Procedures
The mean surface roughness (R a ) is measured with a MarSurf PS1 portable surface roughness tester instrument. The measurement needle has a diameter of 2 µm and an average pressure force of 0.7 mN. The cutoff and sampling lengths for each measurement are taken as 0.8 and 5.6 mm, respectively. A minimum of 10 measurements are taken. The highest and lowest values are discarded, and the average value is recorded. Figure 6 shows the variation of workpiece surface temperature according to the examined parameters. As seen in Fig. 6(a) , the minimum surface temperature of 6240C is obtained when the drilling is performed by a drilling tool with 450 friction angle and 100% FCAR under the operation condition of spindle speed of 3000 rpm, and feed rate of 100 mm/min. The results reveal that generally the temperature measured in drilling operations performed by a drilling tool with 450 friction angle is lower than drilling tools with angles of 30 • and 60 • . As seen in Fig. 6(f) , the maximum surface temperature of 775 • C is obtained when drilling is performed by a drilling tool with 30 • friction angle and 50% FCAR under the operating condition of spindle speed of 6000 rpm, and feed rate of 100 mm/min. The reason is that the hn length of the drilling tool is longer compared with hn length of drilling tolls with friction angles of 45 and 60 • . The h n length being longer, causes the piece to be drilled quicker during the drilling operation and causes the pressure between drilling tool and workpiece to occur in a narrower area. It is observed that surface temperature increases with the increase of spindle speed and vice versa. The results are similar to those reported by Miller et al. [1] .
RESULTS AND DISCUSSION
Workpiece Temperature
It is also observed that the friction contact area ratio does not have a significant effect on surface temperature while spindle speed and feed rate are constant. For example, in Fig. 6(c) , a surface temperature of 708 • C is obtained when drilling is performed by a drilling tool with 45 • friction angle under the operating conditions of spindle speed of 4500 rpm, feed rate of 100 mm/min. It can be seen that the temperature is 710 • C under the same conditions (Fig. 6d) . Figure 7 shows the photographs of the bushings under various friction angles. The measured surface roughness and bushing length values are also shown in the figure. The spindle speed is kept constant at 6000 rpm. The FCAR is 100%. It can be seen in the figure that there is an increase in surface roughness as the feed rate increases. The rapid feed increase causes distorted grain boundary which decreases the surface roughness. The bushing length decreases as the feed rate increases. Figure 8 shows the variation in axial thrust force according to the investigated parameters. It is found that thrust force values increase due to the increasing feed rate and decreasing spindle speed. The reason is considered to be the increase in friction surface between workpiece and drilling tool. Besides it is also observed that thrust force value increases due to the increase in friction angle. The reason is that penetration of drilling tool to the workpiece becomes difficult due to increasing friction angle. High thrust force is an unwelcomed situation because it shortens life of the tool. The results are similar to those reported by Krisha et al. [4] . As seen in Fig. 8(a) , the thrust forces for friction angles 30, 45 and 60 • are 1245, 1849 and 2268 N, respectively.
Thrust Force and Torque
It is also seen that friction contact area ratio has a significant effect on thrust force in constant spindle speed and feed rate. For example as observed in Figs. 8(b) and 8(c) while the FCAR decreases from 100 to 50% with spindle speed of 4500 rpm, feed rate of 100 mm/min and friction angle of 45 • , the thrust force decreases from 1380 to 881 N. The reason is the increase of pressure between drilling tool and work piece due to friction contact area ratio decrease. Accordingly this causes easy deformation in workpiece. Maximum thrust force is determined as 3238 N with spindle speed of 3000 rpm, feed rate of 500 mm/min and friction angle of 60 • . Minimum thrust force is determined as 699 N with spindle speed of 6000 rpm, feed rate of 100 mm/min and friction angle of 30 • . Figure 9 shows the drilling torque values according to examined parameters. Similar to thrust force, it is observed that drilling torque values increase due to the increasing feed rate. Minimum torque is obtained with a drilling tool having 60 • friction angles while the spindle speed and feed rate are 3000 rpm and 100 mm/min, respectively (Fig. 9a) . As seen in Fig. 9(e) , maximum torque is obtained with a drilling tool having 30 • friction angles while the maximum spindle speed and feed rate are 6000 rpm and 500 mm/min, respectively. Besides it is determined that drilling torque decreases due to the decreasing friction contact surface. The reason is the decrease of friction area.
CONCLUSIONS
This study investigates the thermal friction drilling effects on surface temperature, thrust force and torque for ST12 steel. Experimental data support the following conclusions:
• Thrust force and torque increases gradually with increasing friction angle, feed rate and FCAR.
• Thrust force and torque decreases with increasing spindle speed.
• As the spindle speed increases, the workpiece surface temperature increases.
• Increasing or decreasing the friction angle and FCAR has no significant effect on workpiece surface temperature.
• There is an increase in surface roughness as the feed rate increases.
• The bushing length decreases as the feed rate increases.
